Ability of alkaline proteases to clean ultrafiltration membranes fouled during milk processing was determined in two alkaline UF membrane cleaner, Alconox and Ultrasil. Optimum hydrolysis of milk proteins was observed with 5 g enzyme/l and showed a linear increase in water flux from 37.6 l m −2 h to 212.4 l m −2 h after 0.67 h. Enzyme performance was synergistically enhanced in combination with Alconox cleaner and exhibited 100% flux restoration.
Introduction
Membrane processes like ultrafiltration (UF) and reverse osmosis (RO) have a wide range of applications in the dairy, beverage and waste water treatment processes. However, the major limitation in the application of UF in the dairy industry is the decline in flux with time due to concentration polarization and fouling of the membranes in addition to the costs incurred in cleaning of membranes (Cheryan 1986) . Membrane fouling studies suggested that whey proteins like α-lactalbumin (with a gel-forming tendency) and β-lactoglobulin (with a layer-forming tendency), along with a high proportion of calcium salts, constitute the major fouling agents (Lee & Merson 1976 , Henz & Glatz 1991 .
Current cleaning regimes include the use of acid and alkali treatments with or without an enzymebased step (Kumar et al. 1998) . The enzymes mainly used are derived from mesophilic microorganisms (i.e., those growing at ambient conditions) which results in neutral pH enzyme-based cleaners working at narrow ranges of pH, moderate temperatures and narrow limits of tolerance to detergents, surfactants and sequestering agents. However, alkaline proteases produced by alkalophiles or archaebacteria are capable of functioning optimally in the pH values of >9. Further, these enzymes exhibit maximum stability at high pH and temperature values, surfactants and chaotrophic agents, which make them suitable candidates for industrial applications (Kumar & Takagi 1998) . This paper reports the laboratory-scale investigations into the use of alkaline proteases from an alkalophilic Bacillus isolate in defouling UF membranes used in milk processing.
Materials and methods

Bacterial strain and enzyme preparation
An alkalophilic Bacillus strain MK5-6, which produced extracellular alkaline proteases, was originally isolated in our laboratory from an alkaline soil (pH 10.2) of Madhuban, Karnal, India (Kumar 1997). For enzyme production, the strain was grown in 50 l cultures in an optimized whey-based medium (Kumar et al. 1997) . At the end of fermentation, cultures were harvested by centrifugation and the cell-free supernatant was precipitated with 2.5 volumes of chilled acetone, centrifuged and further lyophilized to obtain a crude preparation.
Protease assay
Alkaline protease activity was determined in 20 mM borate/NaOH buffer, pH 10 with 0.6% Hammerstan casein (Merck) (Hagihara et al. 1958) . One unit of protease activity is defined as the amount of enzyme that liberated 1 µg tyrosine in one min at 30 • C.
Stability studies
Alkaline protease preparation at 2 mg ml −1 was incubated at 50 • C in presence of two different commercial alkaline membrane cleaners: Alconox (Alconox Inc., New York) and Ultrasil (Henkel KGaA, Düsseldorf, Germany) designated as A and B, respectively, specifically designed for UF/RO systems. The concentrated stock cleaners were diluted 200 times in distilled water to simulate cleaning conditions. After specific time intervals, aliquots were removed and assayed for residual activity at 30 • C.
UF membranes and operation
A Pellicon UF plate and frame module containing cellulose acetate (0.46 m 2 membrane area; cut-off 30 000 MW) (Millipore Corp., Mass.) was used. The UF process was carried out at 50±2 • C and at inlet (P i ) and outlet (P o ) pressures of 1.5 and 0.5 bar, respectively, with a transmembrane pressure of 1.0 bar. Before starting the experiments, the module was checked for pure water flux at 50 • C.
Membrane soiling protocol
Skim milk for UF studies was obtained from the Experimental Dairy of National Dairy Research Institute, Karnal, India. The skim milk feed was maintained at 50 • C in the feed tank and the operation was started. A fixed volume of 10 l of feed was used for each run. The feed was continuously agitated to make the feed uniform throughout the operation. The soiling procedure was carried out by recycling skim milk for one hour and further concentrated for an additional 0.5 h. The permeate flux was calculated by collecting the permeate at every 10 min interval at the start and end of concentration.
Evaluation of alkaline protease as membrane cleaner additive
The alkaline protease (10 g l −1 ) was evaluated in both Alconox and Ultrasil membrane cleaners. The two cleaners were used according to the manufacturers' directions. The fouled membranes were treated with both the cleaners along with the enzyme and flux determined every 10-min interval. Results of three trials were averaged.
Effect of protease concentration on membrane cleaning
The fouled membranes were treated at 50 • C for up to 1.5 h with cleaner A containing enzyme concentrations of 0, 2.5, 5, 10 and 15 g l −1 . The water flux was determined every 10-min interval and results of three trials averaged.
Water flux determination
Pure water flux for cleaning was obtained by using a Milli-Q purification system (Millipore Corp., Mass). Water flux was measured by recording the amount of permeate coming out of the membrane in a given time for the given membrane area and was expressed as l m −2 h −1 . Flux measurements were made at the beginning and at the end of the UF trial with milk, and also after completion of cleaning.
Result
Stability of proteases in membrane cleaners
The suitability of an enzyme preparation in membrane cleaners depends on its compatibility with the components of the detergent formulation at a higher temperature. An ideal detergent enzyme should be stable and active in the detergent solution and should have adequate temperature stability to be effective in a wide range of cleaning temperatures. The alkaline protease was extremely stable in cleaner A and retained about 96% of its original activity after one hour incubation at 50 • C. However, the enzyme lost up to 60% of its activity by one hour in cleaner B (Figure 1 ).
Flux during milk UF processing
During the initial stages of the UF process, the rate of filtration was high. However, a decline in flux rate was observed with the increase in the UF time, indicating the phenomenon of fouling. The permeate flux profile initially (210.2 l/m 2 h) and after soiling with skim milk was 37.8 l m −2 h −1 . The fouling caused an 82% reduction in the permeate flux rate and the reduction in flux was probably due to protein deposition.
Proteases as additives in membrane cleaners
The performance of the enzyme preparation in terms of its cleaning efficiency in both the membrane cleaners, A and B, is compared with time ( Figure 2) . The
